Canonical Wnt signalling has been implicated in mouse and human embryonic stem cell (ESC) maintenance; however, its requirement is controversial. β-catenin is the key component in this highly conserved Wnt pathway, acting as a transcriptional transactivator. However, β-catenin has additional roles at the plasma membrane regulating cell-cell adhesion, complicating the analyses of cells/tissues lacking β-catenin. We report here the generation of a Ctnnb1 (β-catenin)-deficient mouse ESC (mESC) line and show that self-renewal is maintained in the absence of β-catenin. Cell adhesion is partially rescued by plakoglobin upregulation, but fails to be maintained during differentiation. When differentiated as aggregates, wild-type mESCs form descendants of all three germ layers, whereas mesendodermal germ layer formation and neuronal differentiation are defective in Ctnnb1-deficient mESCs. A Tcf/Lef-signalling-defective β-catenin variant, which re-establishes cadherin-mediated cell adhesion, rescues definitive endoderm and neuroepithelial formation, indicating that the β-catenin cell-adhesion function is more important than its signalling function for these processes.
self-renewal. Under self-renewal conditions, plakoglobin partially substitutes for the β-catenin cell-adhesion function, but fails to do so during differentiation. To address the extent to which β-catenin signalling versus cell-adhesion functions are required during in vitro differentiation of mESCs, we generated β-catenin-rescued mESCs expressing either wild-type or a Tcf/Lef-signalling-defective β-catenin variant. Our findings show that the cell-adhesion function of β-catenin is more important than its signalling function for definitive endoderm formation and promotion of neuronal differentiation.
RESULTS
Characterization of β-catenin-deficient mESCs mESCs were derived from β-catenin fl/fl (β-cat fl/fl ; ref. 24 ) blastocysts and individual feeder-free β-cat fl/fl mESCs were established using LIF and serum. Several Ctnnb1-deficient mESC subclones (referred to as β-cat / ) were established from one β-cat fl/fl mESC line (NLβ-12) using adenoviral-mediated Cre recombinase and two were used for further characterization (Fig. 1a ). The parental β-cat fl/fl mESC line, NLβ-12, was fully pluripotent, as it gave rise to chimaeric mice and transmitted through the germ line ( Supplementary Fig. S1 ). β-cat / and β-cat fl/fl mESCs showed an overall similar proliferation behaviour and colony appearance ( Fig. 1b,c) . β-cat / colonies stained negative for β-catenin by immunocytochemistry, whereas E-cadherin and plakoglobin staining and distribution were normal ( Fig. 1d ). Interestingly, the staining intensity of the latter was increased, as were protein levels ( Fig. 1d,e ), but transcript levels were unchanged ( Fig. 1f ). Thus, as in F9 teratocarcinoma stem cells, plakoglobin substitutes for the β-catenin cell-adhesion function in mESCs (ref. 22 ). This was confirmed by immunoprecipitation experiments, showing increased plakoglobin levels bound to E-cadherin in β-cat / versus β-cat fl/fl mESCs (Fig. 1g ).
Plakoglobin has a weak in vitro signalling activity 25, 26 . Therefore, we analysed Tcf/Lef-mediated gene expression using the sensitive lentiviral luciferase β-catenin-activated reporter (BAR) system, with 12 multimerized Tcf/Lef binding sites 27 . Without external stimulation, minimal reporter activity was detected in control and β-cat / mESCs (Fig. 1h ).
On stimulation with the GSK3 inhibitor 6-bromoindirubin-3 -oxime (BIO), recombinant Wnt3a (rWnt3a) or Wnt3a-conditioned medium (Wnt3aCM), BAR-reporter activity was increased in control mESCs, but not detectable above ground levels in β-cat / mESCs ( Fig. 1i and data not shown). Similarly, Axin2 expression levels were increased in control, but not in β-cat / , mESCs ( Fig. 1j ). Stimulation had no effect on plakoglobin levels, nor did junction plakoglobin (Jup) knockdown affect basal Axin2 levels (data not shown). Thus, our data indicate that the twofold increase in plakoglobin levels cannot substitute for β-catenin/Tcf/Lef-mediated signalling activity.
Analysis of stem cell markers
No difference in Oct4 (octamer-binding transcription factor 4), Nanog, Rex1 (also known as Zfp42, zinc finger protein 42) and Sox2 (SRY-box containing gene 2) transcriptional levels ( Fig. 2a ), nor Oct4 and Nanog protein levels ( Fig. 2b) , was observed between β-cat fl/fl and β-cat / mESCs. Fluorescence-activated cell sorting analysis showed no difference in SSEA-1 (stage-specific embryonic antigen-1) levels (data not shown). Furthermore, Stat3 (signal transducer and activator of transcription 3) phosphorylation kinetics was not altered ( Fig. 2c ). Late passages of β-cat / and β-cat fl/fl mESCs stained positive for the self-renewal marker alkaline phosphatase ( Fig. 2d ) and showed no differences in colony formation ability (data not shown). Concomitantly, transcriptome analyses of β-cat fl/fl and β-cat / mESCs under standard conditions revealed significant transcriptional differences (P < 0.05) in only five genes besides Ctnnb1; with the expression levels of l7Rn6 (lethal, Chr 7, Rinchik 6), H 19 (H19 fetal liver mRNA) and Rhox5 (reproductive homeobox 5; also known as Pem) being increased, and those of Trpv6 (transient receptor potential cation channel, subfamily V, member 6) and Daam1 (dishevelled-associated activator of morphogenesis 1) being decreased ( Supplementary Table S1 ).
Overall, our data indicate that β-catenin activity is not required for mESC self-renewal in the presence of LIF and serum. To further establish that β-catenin is dispensable for mESC self-renewal, we examined β-cat / mESCs under serum-free conditions using the 2i + LIF system, inhibiting mitogen-activated kinase kinase (MEK) using PD0325901, and GSK3 using CHIR99021 (ref. 16 ). β-cat / mESCs were readily established in 2i + LIF from β-cat fl/fl mESCs using adenovirally provided Cre recombinase, but exhibited a different morphology ( Fig. 2e ). However, Nanog, Oct4, Sox2 and Rex1 expression levels were indistinguishable from controls ( Fig. 2f ). β-cat / mESCs formed colonies also under serum-free conditions in the presence of PD0325901 + LIF or CHIR99021 + LIF, but not under PD0325901 + CHIR99021 conditions ( Supplementary Fig. S2 ). This establishes that β-catenin-deficient mESCs are LIF dependent and that the GSK3 inhibitor, CHIR99021, has weak, β-catenin-independent effects. However, β-cat / mESC propagation was possible under serum-free conditions only in the presence of PD0325901 + CHIR99021 + LIF or PD0325901+LIF (data not shown).
Minor cell-adhesion defects in mESCs
β-cat / and control mESC colonies had similar morphologies in serum + LIF ( Fig. 1c ). However, we noticed subtle differences and analysed colonies at the ultrastructural level by transmission electron microscopy (TEM). This revealed cell-adhesion defects in β-cat / mESC colonies, with regions lacking cell-cell contacts ( Fig. 3a) , indicating that plakoglobin cannot fully substitute for β-catenin. To show that plakoglobin substitutes in part for β-catenin cell adhesion, we carried out siRNA knockdown ( Fig. 3b ). Corresponding with the transfection efficiency, about 85% of β-cat / mESC colonies treated with Jup siRNA had a differentiated morphology, with cells being more dispersed and flattened. In β-cat fl/fl , only 5% had a different morphological appearance, whereas control (Lmna, lamin A/C, siRNA treated) cultures showed no alterations ( Fig. 3c and Supplementary Fig.  S3b ). Concomitant to the morphological changes, the cell-adhesion molecules PECAM1 (platelet/endothelial cell-adhesion molecule 1) and E-cadherin were lost from the membrane and their levels reduced on Jup-siRNA treatment ( Fig. 3b-d ). However, expression of self-renewal marker genes Nanog, Oct4 and Sox2 was not altered; only proliferation was slightly decreased ( Supplementary Fig. S3c ). This shows that in the absence of β-catenin, plakoglobin is an essential component of cell adhesion in mESCs, mediating adhesion through adherens junctions and desmosomes, and supports previous findings that cell adhesion is not essential for self-renewal maintenance 16, 17 . Furthermore, our data establish no requirement for plakoglobin in self-renewal maintenance.
Next, we carried out rescue experiments expressing different β-catenin versions; wild-type (β-cat WT ), carboxy-terminal truncated (β-cat C ) and a point-mutated version 28 (β-cat M6 ) from the Rosa26 (also known as Gt(ROSA)26Sor) locus in β-cat / mESCs, referred to in the following as β-cat rescWT , β-cat resc C and β-cat rescM 6 , respectively. All three variants showed membrane localization ( Supplementary Fig. S4a ) and restored cell adhesion, as well as membranous localization of E-cadherin and PECAM1 on treatment with Jup siRNA (Fig. 3c,d ).
All three interacted with E-cadherin and their presence resulted in a slight reduction of plakoglobin ( Supplementary Fig. S4b ). A slight further reduction was observed using mESCs stably expressing β-catenin isoforms under the CAG promoter yielding slightly increased levels of β-catenin variants ( Supplementary Fig. S4c,d) , supporting the notion that the increased plakoglobin levels are due to protein stabilization through its recruitment to adherens junctions substituting for the loss of β-catenin.
Cell-adhesion defects during embryoid body differentiation
The in vitro differentiation potential of β-cat / mESCs was analysed using embryoid body differentiation. This revealed cell-adhesion defects at day 5, reflected by an increase in the number of single cells and associated with a decrease in the size of β-cat / embryoid bodies when compared with the control (Fig. 4a ). Controls formed cyst-like structures at day 9, whereas this did not occur with β-cat / cells ( Fig. 4a and data not shown). Concurrent with the appearance of cell-adhesion defects, plakoglobin levels decreased from day 5 onwards in β-cat / embryoid bodies, but also in the control (Fig. 4b ). The reduced plakoglobin levels were probably insufficient to compensate for the lack of β-catenin, whereas in control embryoid bodies β-catenin levels steadily increased. Embryoid body differentiation proceeded normally in the different Rosa26 -rescued mESCs (Fig. 4a ). To confirm previous observations indicating that the β-cat C and β-cat M6 variants are compromised in Tcf/Lef transcriptional activity 28 , we generated the corresponding stable BAR-reporter lines and activated canonical Wnt signalling using CHIR99021. Surprisingly low reporter activity was observed in β-cat rescWT and no activity was observed in β-cat resc C or β-cat rescM 6 mESCs ( Fig. 5a ). As Rosa26 -transgene expression was relatively low and given that residual TOPFlash reporter activity had been observed previously 28 , we also assayed BAR-reporter activity in the stable CAG-rescue mESCs. Here, the CAG-WT resc cells showed a more pronounced response and residual activity was observed in CAG-M6 resc , but not in CAG-C resc mESCs (Fig. 5a ). Accordingly, the expression level of the endogenous Wnt/β-catenin/Tcf-regulated genes Axin2, Cdx1 (caudal type homeobox 1) and brachyury (T ) was not upregulated in β-cat / and β-cat -CAG resc C mESCs ( Fig. 5b ). Together, our data show that the β-catenin C variant is defective in Tcf/Lef-mediated signalling. Subsequent embryoid body differentiation studies were carried out using the Rosa26 β-cat rescWT and β-cat resc C mESCs, because β-cat M 6 mESCs showed residual Tcf/Lef-mediated activity and transgenesilencing in CAG-rescued mESCs was observed during embryoid body differentiation (data not shown).
Rescue of endoderm and neuronal differentiation defects
Genetic inactivation of Ctnnb1 in mice results in an early developmental arrest around embryonic day (E)7.0, with defects in anterior-posterior axis, mesoderm, definitive endoderm and ectoderm formation 19, 29 . Maternal β-catenin is provided until E4.5 and may therefore compensate for loss of zygotic β-catenin activity, obscuring its absolute requirement in early mouse development 29, 30 . Embryoid body formation from mESCs allows differentiation of descendants of all three germ layers and resembles, to a large degree, normal postimplantation embryonic development 2,3,31,32 , enabling us to examine the in vitro differentiation potential of β-cat fl/fl ,β-cat / ,β-cat rescWT and β-cat resc C mESCs. Expression profiles of the early ectodermal marker genes Nes (Nestin), Fgf5 (fibroblast growth factor 5) and Pax6 (paired box gene 6) were similar in β-cat / and β-cat fl/fl embryoid bodies during differentiation (Fig. 6a) , indicating that ectoderm induction occurs normally. Nevertheless, differentiation of β3-tubulin (TuJ)-positive neurons was severely compromised in β-cat / embryoid bodies (Fig. 6b ). In contrast, TuJ-positive neurons were readily detected in embryoid bodies derived from β-cat rescWT and signalling-defective β-cat resc C mESCs (Fig. 6b ). Neuronal differentiation in monolayer cultures revealed that β-cat / mESCs have, in principle, the potential to differentiate into neurons, but when compared with β-cat fl/fl mESCs this is strongly reduced (Fig. 6c ). Again differentiation of TuJ-positive neurons was restored in β-cat rescWT and signalling-defective β-cat resc C cells (Fig. 6c ).
Mesendodermal marker gene, Mixl1 (Mix1 homeobox-like 1), expression was absent in β-cat / embryoid bodies, but restored in β-cat rescWT and signalling-defective β-cat resc C embryoid bodies (Fig. 7a) . Similarly, expression of the endodermal marker genes Foxa2 (forkhead box A2) and Gata6 (GATA binding protein 6) was absent in β-cat / embryoid bodies (Fig. 7a ), but restored in β-cat rescWT and β-cat resc C embryoid bodies ( Fig. 7a and Supplementary Fig. S5 ). Loss and rescue of endoderm formation in embryoid bodies derived from β-cat / , β-cat rescWT and β-cat resc C mESCs, respectively, was confirmed by immunofluorescence staining for the endodermal markers Gata4, Foxa2 and Cxcr4 (chemokine (C-X-C motif) receptor 4; Fig. 7b,c) . In β-cat fl/fl embryoid bodies, endodermal cells stained positive for Gata4, E-cadherin, and Cxcr4 and localized at the outer region associated with a fibronectin-positive basement membrane (Fig. 7b ). In β-cat / embryoid bodies, the level of Gata4 staining was severely reduced, staining for fibronectin and E-cadherin was very dispersed and the Cxcr4-positive cells did not localize to the outer layer (Fig. 7b) . In contrast, an outer layer with localized Gata4, E-cadherin and Cxcr4 staining was restored in β-cat rescWT and β-cat resc C embryoid bodies (Fig. 7b) . The presence of Cxcr4 indicates that definitive endoderm is being formed 33 . Foxa2-positive cells were detected in dissociated embryoid bodies derived from β-cat fl/fl , β-cat rescWT and β-cat resc C mESCs, but not in embryoid bodies derived from β-cat / mESCs (Fig. 7c ). Thus, our data indicate that Tcf/Lef-mediated signalling activity is not required for endoderm formation. Our data also indicate that the cell-adhesion function of β-catenin promotes neuron formation in vitro. In agreement with the in vitro data, we found that in vivo β-cat rescWT and β-cat resc C mESCs show a higher chimaeric embryonic contribution when compared with β-cat / mESCs and that they can in principle contribute to all three germ layers, but were preferentially found in endodermal and ectodermal layers (see Supplementary Fig. S6 ).
DISCUSSION
Canonical Wnt-signalling activation has been implicated in pluripotency and self-renewal maintenance in human ESCs and mESCs (refs 7,34-36) . Nevertheless, its absolute requirement for mESCs self-renewal is still unclear. Whereas nuclear localization of β-catenin has been reported in wild-type mESCs under standard conditions 15, 37 , we and others failed to observe nuclear β-catenin or significant Tcf/Lef-mediated transcriptional activity in wild-type ESCs (refs 7, 15,34,38) . However, the possibility of β-catenin having positive effects on ESC self-renewal in a Tcf/Lef-independent manner remains. This possibility was favoured in a recent study reporting that β-cat −/− mESCs, generated previously 19 , showed defects in stemness marker expression 15 . This β-cat −/− mESC line, however, exhibits an epiblast-like gene expression profile 15 . In contrast, the β-cat / mESCs described here, generated from fully pluripotent β-cat fl/fl mESCs in vitro by Cre-mediated recombination, showed no alteration of self-renewal markers under serum and serum-free conditions and only few differences by transcriptome analysis. Our data are in accordance with data in the accompanying study 39 plakoglobin in the absence of β-catenin. Furthermore, our two studies demonstrate that β-catenin-deficient cultures are LIF-dependent. This is in contrast to a recent report showing that β-cat −/− mESCs maintain self-renewal in the absence of LIF, but depend on activin 17 . Activin dependence is one of the hallmarks of EpiSCs, which express Oct4, but are LIF independent 40 . Thus, the β-cat −/− mESCs used in ref. 17 are probably EpiSCs, explaining the differences in LIF dependency.
In addition to its central role in Wnt signalling, β-catenin is a component of adherens junctions connecting classical cadherins through α-catenin to the actin cytoskeleton 20 . Plakoglobin can also bind to cadherins and participate in adherens junctions 20, 41, 42 and has been shown to substitute there for β-catenin 19, 22, 23, 29 . As in F9 teratocarcinoma cells 22 , membranous plakoglobin levels were increased in β-catenin-deficient mESCs. This was not associated with altered transcription levels, ruling out a transcriptional feedback and supporting a post-transcriptional mechanism through prolonged protein stability due to augmented recruitment of plakoglobin to adherens junctions in the absence of β-catenin. Post-transcriptional regulation of protein levels seems a common mechanism in cell adhesion; for example α-catenin regulation by E-cadherin 43 . However, our study shows that plakoglobin cannot fully compensate for the lack of β-catenin. In agreement with the observation that α-catenin levels influence the strength of E-cadherin bonds between cells [44] [45] [46] , we propose that the α-catenin reduction in the E-cadherin-plakoglobin complexes weakens mESC cell adhesion and furthermore our data indicate that plakoglobin and β-catenin may bind α-catenin differentially. In accordance with other in vivo findings 19, [47] [48] [49] [50] , but contrary to in vitro findings 25, 26, 51 , we found no evidence that plakoglobin participates in Tcf/Lef-mediated signalling activity.
Embryos lacking zygotic β-catenin activity show defects in anterior-posterior patterning, mesoderm and definitive endoderm formation 19 and increased levels of ectodermal apoptosis 29 . Blastomere adhesion defects become apparent on removal of maternal β-catenin 52 , which is not substituted for by plakoglobin, as it is not present at early pre-implantation stages, and associates with E-cadherin and α-catenin only from the early morula stage onwards 30 . Wnt/β-catenin pathway activation occurs in the embryo at around E6.5 and in embryoid bodies around day 3-4 (refs 32,53) . Thus, maternal β-catenin may participate in cell adhesion in embryos lacking zygotic β-catenin, but not in canonical Wnt signalling. β-catenin-deficient embryoid bodies exhibited adhesion defects during differentiation, which were associated with plakoglobin downregulation. Furthermore, mutant embryoid bodies showed, similar to what has been observed in Ctnnb1-mutant embryos, defects in endoderm induction, whereas ectoderm induction occurred normally. The rescue of induction and formation of definitive endoderm in embryoid bodies derived from β-cat resc C mESCs indicates that the cell-adhesion function of β-catenin is required at least for endoderm formation. Mesoderm formation was not rescued in β-cat resc C or in control β-cat rescWT mESCs, as judged by the absence of brachyury (T ) expression (data not shown). This is probably due to the moderate Rosa26 transgene levels, which are probably too low to allow participation in signalling. By addition of the CAG promoter 54 we augmented transgene expression from the Rosa26 locus and rescued brachyury (T ) expression in embryoid bodies derived from Rosa26 -CAG β-cat rescWT , but not from Rosa26 -CAG β-cat resc C mESCs ( Supplementary Fig. S5 ). This is in agreement with the notion that brachyury (T ) expression is under transcriptional β-catenin control 55, 56 . Thus, mesoderm induction may not require β-catenin cell-adhesion function to the same extent as its transcriptional activity.
The fact that loss of β-catenin affected neuronal differentiation was unexpected, given that ectoderm induction occurred normally in β-catenin-deficient embryoid bodies and in vivo and in vitro evidence indicates that active canonical Wnt signalling inhibits neuronal differentiation 16, 53, [57] [58] [59] . Nevertheless, our findings are in agreement with other in vitro data, showing that Wnt/β-catenin signalling may actually promote neuronal differentiation 60, 61 . Most importantly our data from the Rosa26 β-cat resc C embryoid bodies support in vivo findings that β-catenin participating in cell adhesion plays a permissive role in neuronal differentiation by supporting neuroepithelial formation 62, 63 . Given that α-catenin has been implicated in brain development 64 , we can however, not completely rule out that neuronal differentiation defects are not in part due to the observed altered α-catenin distribution ( Fig. 1g and Supplementary Fig. S7 ). However, as nuclear levels were not altered (see Supplementary  Fig. S7a,b ), we exclude a potential role in the nucleus 65 . The previously proposed model implies, in agreement with our findings, that the number of functional adherens junctions controls brain development, and that this may involve a Hedgehog (Hh)-signalling feedback loop 64 . Whether the latter is also the case in our system remains to be determined.
Cell adhesion is an important aspect of embryonic development. For bi-functional molecules, such as β-catenin, it is important to decipher their individual functional contributions in development.
Our data indicate that β-catenin cell adhesion and not its Tcf/Lefmediated signalling function is important for neuroepithelial and endoderm formation in embryoid bodies. Thus, despite plakoglobin upregulation in Ctnnb1 mutants at E7.0 (ref. 19) , cell-adhesion defects may contribute to some phenotypic aspects, as others have recently observed 63 . In this context, it is interesting that Wnt3 mutants and double mutants for Lrp5/6 phenocopy Ctnnb1 mutants, with the exception that anterior visceral endoderm (AVE) movement towards the anterior still occurs 19, 66, 67 . Thus, the failure to properly position the anterior visceral endoderm in Ctnnb1 mutants may be associated with defects in cell adhesion. Individual 3.5-day-old blastocysts isolated from β-cat fl/fl females intercrossed with β-cat fl/fl males were seeded on irradiated MEFs in four-well plates in ESC medium (high-glucose DMEM, 15% FBS, 2 mM l-glutamine, 2 mM penicillin/streptomycin, 1 mM sodium pyruvate, 1× MEM non-essential amino acids, 0.1 mM β-mercaptoethanol and 1,000 U ml −1 LIF). After 5-7 days, the inner cell mass was dissociated using 0.05% trypsin-EDTA and plated on MEFs. From these cultures, colonies with ESC-like morphology were selected, eventually adapted for feeder-free conditions and further characterized. β-cat / mESCs were established from the fully pluripotent NLβ-12 β-cat fl/fl mESC line through infection with adenoviral-mediated Cre (University of Iowa) at a multiplicity of infection (MOI) of 150 for 5×10 4 mESCs. After 24 h, individual mESCs were seeded in 96-well plates and PCR genotyped (primers: 5 -AGAATCACGGTGACCTGGGTTAAA-3 , 5 -CAGACAGACAGCACCTTCAGCACTC-3 , 5 -CAGCCAAGGAGAGCAGGTGA-GG-3 ). Two mESC clones of each genotype, β-cat fl/fl and β-cat / , were further characterized. For serum-free cultures, mESCs were cultured in N2B27 medium (StemCellSciences) supplemented with 1,000 U ml −1 EsgroLIF (Chemicon), 3 µM CHIR99021 and 1 µM PD0325901 (both StemGent). Blastocyst injections were carried out with the mESC clone NLβ-12 (on feeder, passage 18). The resulting high-grade chimaera was crossed to a C57Bl/6 mouse and the offspring was analysed by PCR for germline transmission of the Ctnnb1 floxed allele. Blastocyst injections (of 10-15 mESCs per blastocyst) were also carried out for β-cat rescWT and β-cat resc C mESC clones stably marked with histone 2B (H2B) fused to green fluorescent protein (GFP; Addgene plasmid 11680; ref. 68). Embryos were recovered six days later, staged and visually examined for their grade of chimaerism using an LSM 710 spectral confocal microscope (Zeiss). 
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